Al-doped ZnO (AZO) thin films with various Al concentrations were synthesized on Si(001) substrates with native oxide layers by atomic layer deposition process. The effects of the Al concentration on the microstructural characteristics of the AZO thin films grown at 250 C and the correlation between their microstructural characteristics and electrical properties of the AZO thin films were investigated by AFM, XRD, HRTEM and Hall measurements. The XRD and HRTEM results revealed that the crystallinity and electrical properties of the undoped ZnO thin films were enhanced by 2.48 at% Al doping. However, 12.62 at% Al doping induced the deterioration of their crystallinity and electrical properties due to the formation of nano-sized metallic Al clusters and randomly oriented ZnO-based nano-crystals. To enhance the electrical properties of the AZO thin films while maintaining their crystallinity and electrical properties, a moderate Al concentration has to be chosen under the solubility limit of Al in ZnO.
INTRODUCTION
Transparent conducting oxides (TCOs) have been widely studied for the realization of various transparent applications such as solar cells, flat panel displays, flexible displays and thin film transistors (TFTs) operating in the visible wavelength range.
1∼8 Indium tin oxide (ITO) has long been considered the most suitable TCO material, however, the high cost and limited supply of indium and lack of electrical properties of ITO are obstacles to the realization of the above mentioned transparent applications.
Recently, zinc oxide (ZnO) has been intensively studied for the purpose of replacing ITO. ZnO has a wide direct bandgap of 3.37 eV and large exciton binding energy of 60 meV at room temperature. 9 In addition, zinc and oxygen are abundant elements in the earth and ZnO shows high transparency in the visible wavelength range. * Authors to whom correspondence should be addressed.
However, generally, the electrical properties of undoped non-stoichiometric ZnO thin films are not good enough for them to replace ITO. Therefore, to enhance the electrical properties of ZnO thin films, various elements in group III of the periodic table, such as Al, Ga, and In, have been added as dopants into ZnO thin films. 10∼14 Among the aforementioned dopants, Al is very promising dopant for the enhancement of electrical properties of ZnO thin films. Al-doped ZnO (AZO) thin films exhibit more suitable electrical properties for use as a TCO layer compared to those of Ga-or In-doped ZnO thin films. 15 16 Furthermore, the bandgap energies of AZO thin films vary from 3.4 to 3.9 eV and this is advantageous for optical applications which operate in the visible range. 17 Various methods have been used to grow AZO thin films, such as magnetron sputtering, pulsed laser deposition, excimer laser ablation, and atomic layer deposition (ALD). 19 In addition, oxide-based thin films which are fabricated by ALD show good uniformity, easy control of the doping concentration and film thickness, and a relatively low growth temperature and, therefore, the ALD process has been widely used in industry. The Al concentration in AZO thin films significantly affects their microstructural characteristics and electrical properties. However, previous studies which investigated the growth of AZO thin films with various Al concentrations mainly focused on the electrical properties of the AZO thin films. It is generally accepted that the solubility limit of Al in ZnO is approximately 3 at%. 20 Therefore, we synthesized two types of AZO thin films whose Al concentrations were close to the solubility limit of Al in ZnO and far in excess of the Al solubility limit, respectively. In this study, we report on the effect of Al concentration on the microstructural characteristics of AZO thin films fabricated by a ALD process and the strong correlation between their microstructural characteristics and electrical properties.
EXPERIMENTAL DETAILS
AZO thin films with various Al concentrations were grown on (100) Si substrates by low temperature ALD to determine the effect of the Al concentration on the microstructural characteristics and electrical properties of AZO thin films. Before the growth of the AZO thin films, the Si substrates were ultrasonically cleaned in acetone, ethanol, and deionized water in sequence for 10 minutes each. Diethylzinc (DEZn) and trimethyl aluminum (TMA) were used as metal precursors and water vapor without bubbling was used as a reactant. N 2 was used as both the purging and carrier gases, whose inlets were separated on the side of the chamber. The N 2 flow was controlled by a mass flow controller (20 sccm for DEZn bubbler for purging). TMA was used at room temperature without a carrier gas because of its high vapor pressure. A typical ALD growth sequence for the ZnO layers is composed of DEZn exposure for 0. The super cycle was repeatedly performed to produce thin films with a total thickness of 27∼35 nm in order to modulate the Al doping concentration. In order to evaluate the effects of the Al concentration on the microstructural characteristics and electrical properties of the AZO thin films grown by the ALD process, we varied the number of super cycles. The Al concentrations of the synthesized thin films were 0, 2.48, and 12.62 at%, which correspond to the undoped ZnO, lightly Al-doped ZnO (A l ZO) (close to the solubility limit of Al in ZnO), and heavily Al-doped ZnO (A h ZO) (far exceeding the solubility limit of Al in ZnO), respectively. The electrical resistivity, carrier concentration and mobility of the AZO thin films were investigated by a Hall measurement system (Ecopia, HMS-3000). The surface morphologies of the AZO thin films were observed by field-emission scanning electron microscopy (FE-SEM, Philips XL30) and scanning probe microscopy (SPM, VEECO, NanoMan). The microstructural characterization was performed by X-ray diffraction (XRD) (RIGAKU, D/MAX-2500) and high-resolution transmission electron microscopy (HRTEM) (JEOL, JEM-3010) operated at 300 kV with a high-resolution pole piece. The cross-section TEM samples were prepared by mechanical polishing and ion-milling (Gatan, 691 PIPS) at a low current Ar + ion dose to prevent deformation during ion-milling. To analyze the microstructural characteristics of the ZnO and AZO thin films including their crystallinity, preferred orientation and phase formation, XRD measurements were conducted. As shown in Figure 2 , both the ZnO and A l ZO thin films have only 3 peaks at 31.60 , 34.19 and 36.05 , which come from the diffraction of the wurtzite ZnO (1010), (0002), and (1011) planes, respectively. Although two other peaks were observed in addition to the (0002) peak, the ZnO and A l ZO thin films show a c-axis preferred orientation. In addition, compared to the (0002) peak position of bulk ZnO (JCPDF no. 36-1451), the (0002) peaks of the ZnO and A l ZO thin films were shifted to a higher angle. In the XRD measurement, according to Bragg's law, the peak shift of a specific plane to a higher angle means a decrease in the interplanar distance of the specific plane. It can thus be concluded that compressive stress was applied along the c-axis of the ZnO thin film. Also, the (0002) were shifted to more higher angle than that of the ZnO thin film. This means that the supplied Al atoms take substitutional positions in the ZnO lattice. This is due to the fact that the ionic radius of Al (0.53 Å) is much smaller than that of Zn (0.72 Å). The small Al atoms replace the Zn atoms located at the Zn sites of the wurtzite ZnO structure and, as a result, the c-axis lattice parameter of the A l ZO thin film is decreased. The intensity of the (0002) peak was increased and the intensities of the other two peaks were decreased by a small amount Al doping. That is to say, the c-axis preferred orientation and crystallinity of the ZnO thin film were enhanced by Al doping with a doping concentration of 2.48 at%. However, no such peaks were observed from the 12.62 at% Al-doped ZnO (i.e., A h ZO) thin film. Two explanations can be proposed for the XRD results of the A h ZO thin film: (i) the formation of an amorphous phase such as Al 2 O 3 induced by the heavy doping of Al and (ii) the formation of nano-sized poly-crystallines which were not detected by XRD due to the resolution limit of the X-rays. Therefore, to further understand the microstructural characteristics of the ZnO and AZO thin films, we carried out a TEM analysis. 
RESULTS AND DISCUSSION

Figures 3(a)-(c)
show the cross-sectional bright-field TEM images of the ZnO, A l ZO, and A h ZO thin films, respectively. As shown in Figure 3 , the surface morphology of the thin films varied with the Al concentrations. The thicknesses of the ZnO, A l ZO, and A h ZO thin films were 25.54, 37.01, and 30.91 nm, respectively. The variation of their thickness with the Al concentration is consistent with the XRD and SPM results described above. This is because that the surface of the ZnO thin film was roughened and it had an enhanced columnar structure when the Al concentration was 2.48 at%. On the other hand, the columnar structure of the ZnO thin film completely vanished and it had a smooth surface morphology when the Al concentration was 12.62 at%. Figure 4 (a) shows the cross-sectional high-resolution TEM (HRTEM) image of the ZnO thin film. The average grain size of the ZnO thin film, which was measured from the cross-sectional HRTEM image, is 57.56 nm 2 , and the grains show a relatively low degree of c-axis preferred orientation. As is well known, as the grain size decreases, the extent of the grain boundary is increased and the possibility of its having a c-axis preferred orientation is decreased at the same time. Thus, the numbers of dangling bonds and degree of strain at the grain boundary increase with decreasing grain size. The inverse fast Fourier transform (FFT) treated image from one of the grain boundaries of the ZnO thin film and a schematic of the atomic structure near the grain boundary are shown in Figures 4(b) and (c), respectively. The inverse FFT image (Fig. 4(b) ) directly shows the atomic arrangement at the grain boundary. Due to the difference in the crystallographic orientation of each grain, dangling bonds and strain formed at the grain boundary, as is also confirmed by the schematic diagram (Fig. 4(c) ). It is noteworthy that the A l ZO thin film shows better crystallinity than the ZnO thin film. These HRTEM results are in good agreement with the XRD results. As shown in Figure 4(d) , the A l ZO thin film consists of columns with an average grain size of 266.83 nm 2 , and has a relatively strong c-axis preferred orientation and larger grains than that of the ZnO thin film. That is to say, the crystallinity of the ZnO thin film was enhanced by a small amount of Al doping. The enhancement of the crystallinity of the ZnO thin films by the incorporation of dopants has also been observed in Cu-or V-doped ZnO thin films. However, the role of the dopants in the enhancement of the grain growth is still in question. 21 22 The heavily Al-doped ZnO (i.e., A h ZO) thin film consists of randomly oriented nano-sized grains and shows the flattest surface morphology among the three synthesized thin films with different Al concentrations. The XRD results indicate that the A h ZO thin film has an amorphous phase, however, according to the HRTEM analysis, it actually consists of nano-sized grains with a random orientation and low crystallinity. The formation of these randomly oriented nano-sized grains with low crystallinity is due to excess Al doping. Small amounts of Al atoms easily substitute for the Zn atoms in the Zn sites of the ZnO lattice. The excessively added Al atoms, however, cannot entirely substitute for the Zn atoms and are thus located at the interstitial sites. Consequently, the wurtzite hexagonal structure starts to collapse with continuing film growth and, finally, randomly oriented nano-sized grains with short range ordering are formed. Energy dispersive spectroscopy (EDS) analysis revealed that the Al atoms were uniformly distributed all over the film (not shown here). Based on the results obtained from the HRTEM and EDS analyses, we concluded that no other phases such as Al 2 O 3 were formed. The supplied adatoms immediately crystallized on arriving at the film surface and had a random orientation. Therefore, the growth speed of each grain of the A h ZO thin film would be similar throughout the film and this explains why the A h ZO thin film has the flattest surface among the synthesized thin films.
In order to obtain more information on the microstructural characteristics of the ZnO and AZO thin films, planview TEM observations were carried out. Figure 5 shows the plan-view bright-field TEM images of these two types 2 , respectively. It is interesting to note that the A l ZO thin film has the largest grain size among the prepared thin films. This means that the small amount of Al doping enhanced the grain growth of the ZnO thin film. As mentioned above, the A l ZO thin film shows better crystallinity than the other synthesized thin films, and this is in good agreement with the XRD and cross-sectional TEM results. The variation of the crystallinity including the grain size and preferred orientation with the Al concentration plays an important role in understanding the reason for the deterioration of the A h ZO thin films. When the Al concentration in the ZnO thin film is under the solubility limit of Al, the supplied Al atoms easily replace the Zn atoms as substitutional atoms and share oxygen with the Zn atoms. However, when the Al concentration exceeds the solubility limit of Al, the Al atoms locate to the interstitial sites and the wurtzite structure starts to collapse. Moreover, as the Al concentration is further increased, nano-sized metallic Al clusters and randomly oriented ZnO-based nanocrystals are formed. Thus, the crystallinity of the heavily Al-doped ZnO (A h ZO) thin film is deteriorated. 23 The microstructural characteristics of thin films considerably affect their electrical properties. Figure 6 shows the electrical properties of the ZnO and AZO thin films. All of the synthesized thin films have n-type conductivity. The mobilities of the ZnO, A l ZO and A h ZO thin films were 11.8, 42.6 and 3.35 cm 2 /Vs, respectively. The electrical properties and crystallinity of the ZnO thin films were enhanced by the Al doping when the Al concentration was under the solubility limit of Al. However, the mobility and resistivity of the thin film were drastically decreased by heavy Al doping, which induced the deterioration of the crystallinity of the A h ZO thin film. As is well known, the grain boundary acts as trap sites and inhibits electron migration. As mentioned above, as the grain size of the thin film decreased, the amount of grain boundaries increased. That is to say, a larger grain size means better mobility. Based on the HRTEM analysis and Hall measurements of the ZnO and AZO thin films, it can be concluded that microstructural characteristics and electrical properties of thin films were strongly correlated with each other and their crystallinity and electrical properties were enhanced when a suitable Al doping concentration was chosen.
CONCLUSIONS
The effects of the Al concentration on the microstructural characteristics of AZO thin films grown at 250 C on Si substrates by the ALD process and the correlation between microstructural characteristics and electrical properties of AZO thin films were investigated. The XRD and HRTEM results revealed that the crystallinity and electrical properties of the ZnO thin films were enhanced by Al doping at a concentraion of 2.48 at%. The 2.48 at% Al-doped ZnO thin film shows better crystallinity and electrical properties than the undoped ZnO and 12.62 at% Al-doped ZnO thin films. When the Al concentration is below the solubility limit of Al, the supplied Al atoms easily substitute for the Zn atoms. However, when the Al concentration exceeds the solubility limit of Al, the Al atoms locate to the interstitial sites and the wurtzite structure starts to collapse. Also, nano-sized metallic Al clusters and randomly oriented ZnO-based nano-crystals are formed. Therefore, as the Al concentration was increased, the crystallinity and electrical properties of the AZO thin films were deteriorated, due to the increase in the amount of grain boundaries and strain.
